The attachment of ubiquitin (Ub) and the Ub-like (Ubl) molecule interferon-stimulated gene 15 (ISG15) to cellular proteins mediates important innate antiviral responses. Ovarian tumor (OTU) domain proteases from nairoviruses and arteriviruses were recently found to remove these molecules from host proteins, which inhibits Ub and ISG15-dependent antiviral pathways. This contrasts with the Ub-specific activity of known eukaryotic OTU-domain proteases. Here we describe crystal structures of a viral OTU domain from the highly pathogenic Crimean-Congo haemorrhagic fever virus (CCHFV) bound to Ub and to ISG15 at 2.5-Å and 2.3-Å resolution, respectively. The complexes provide a unique structural example of ISG15 bound to another protein and reveal the molecular mechanism of an ISG15 cross-reactive deubiquitinase. To accommodate structural differences between Ub and ISG15, the viral protease binds the β-grasp folds of Ub and C-terminal Ub-like domain of ISG15 in an orientation that is rotated nearly 75°with respect to that observed for Ub bound to a representative eukaryotic OTU domain from yeast. Distinct structural determinants necessary for binding either substrate were identified and allowed the reengineering of the viral OTU protease into enzymes with increased substrate specificity, either for Ub or for ISG15. Our findings now provide the basis to determine in vivo the relative contributions of deubiquitination and deISGylation to viral immune evasion tactics, and a structural template of a promiscuous deubiquitinase from a haemorrhagic fever virus that can be targeted for inhibition using small-molecule-based strategies.
The attachment of ubiquitin (Ub) and the Ub-like (Ubl) molecule interferon-stimulated gene 15 (ISG15) to cellular proteins mediates important innate antiviral responses. Ovarian tumor (OTU) domain proteases from nairoviruses and arteriviruses were recently found to remove these molecules from host proteins, which inhibits Ub and ISG15-dependent antiviral pathways. This contrasts with the Ub-specific activity of known eukaryotic OTU-domain proteases.
Here we describe crystal structures of a viral OTU domain from the highly pathogenic Crimean-Congo haemorrhagic fever virus (CCHFV) bound to Ub and to ISG15 at 2.5-Å and 2.3-Å resolution, respectively. The complexes provide a unique structural example of ISG15 bound to another protein and reveal the molecular mechanism of an ISG15 cross-reactive deubiquitinase. To accommodate structural differences between Ub and ISG15, the viral protease binds the β-grasp folds of Ub and C-terminal Ub-like domain of ISG15 in an orientation that is rotated nearly 75°with respect to that observed for Ub bound to a representative eukaryotic OTU domain from yeast. Distinct structural determinants necessary for binding either substrate were identified and allowed the reengineering of the viral OTU protease into enzymes with increased substrate specificity, either for Ub or for ISG15. Our findings now provide the basis to determine in vivo the relative contributions of deubiquitination and deISGylation to viral immune evasion tactics, and a structural template of a promiscuous deubiquitinase from a haemorrhagic fever virus that can be targeted for inhibition using small-molecule-based strategies.
innate immunity | viral deubiquitinase | bunyavirus | Crimean-Congo haemorrhagic fever virus | viral immune evasion T he posttranslational modification of proteins by Ub and Ub-like (Ubl) molecules is a regulatory process that controls numerous biological events (1, 2) . Ub is conjugated to a lysine residue of target proteins through an isopeptide bond between the terminal carboxyl group of Ub and ϵ-amino group of the target lysine (3) . Additional Ub molecules can be conjugated to lysines within Ub itself to form polyubiquitin chains. Lys 48-linked polyubiquitination is the canonical signal that targets proteins for proteasomal degradation, whereas Lys 63-linked polyubiquitination can initiate proteasome-independent events (4). Both Lys 48-and Lys 63-linked polyubiquitination have been established as key signaling events that activate innate and adaptive immune responses (5) .
A critical innate immune response to viral infection is the rapid production of type I interferon (IFN) and tumor necrosis factor alpha (TNFα). The induction and activity of these antiviral cytokines is controlled by, among other factors, Ub and Ubl conjugation (4) . A hallmark of type I IFN stimulation is the rapid production of the Ubl molecule ISG15 (6) . ISG15 is composed of two tandem Ub-like folds (7) and is known to exhibit potent antiviral activity against several important viruses (8). It conjugates to ϵ-amino groups of target lysine residues on the surface of cellular target proteins similarly to Ub (9) . Although conjugation is essential (8) , several possible antiviral mechanisms have recently been proposed for ISG15 (10) .
Ub and ISG15 conjugation can be reversed by deubiquitinating enzymes (DUBs). Ovarian tumor (OTU) domain proteases are papain-like cysteine DUBs that have been identified in eukaryotes, bacteria, and viruses (11) . We have assayed a number of eukaryotic OTU-domain-containing proteins for deubiquitinating and deISGylating activity, including human A20, Cezanne, otubain1, and otubain2 (12) and the Saccharomyces cerevisiae OTU-domain-containing protein Otu1 (see Results and Discussion). While these eukaryotic proteins exhibit deubiquitinating activity as expected, none have been found to exhibit deISGylating activity, suggesting that eukaryotic OTU domains are Ubspecific. Importantly, the deubiquitinating activities of human A20, and the OTU-domain-containing protein DUBA, have been found to down-regulate TNFα and type I IFN production, respectively, by removing Ub from signaling proteins (13, 14) .
In contrast to the Ub-specific activity of known eukaryotic OTU domains, we recently found that OTU-domain-containing proteins from nairoviruses and arteriviruses, two unrelated groups of RNA viruses, act as ISG15 cross-reactive deubiquitinases, removing both Ub and ISG15 from host proteins (12) . CCHFV is a nairovirus that causes severe haemorrhagic fever in humans, with a mortality rate approaching 30% (15) . As for other members in the genus, its genome consists of three negative-sense RNA segments, the largest of which encodes a 448 kDa viral RNA polymerase (L) that contains an amino terminal OTU domain of approximately 18 kDa (16, 17) . Arteriviruses, such as equine arteritis virus (EAV) and porcine respiratory and reproductive syndrome virus (PRRSV), are nonsegmented, positivesense RNA viruses that contain an OTU domain within their nonstructural protein 2 (nsp2) (18) . The catalytic activity of these viral OTU domains not only inhibits NF-κB-dependent signaling (12, 19) , we found that expression of the OTU domain from CCHFV antagonizes the antiviral effects of ISG15, suggesting that viral OTU domains act as virulence factors to suppress host inflammatory and antiviral responses (12) .
A number of eukaryotic OTU-domain structures have been determined (20) (21) (22) (23) , including a covalent complex between the OTU domain from the Saccharomyces cerevisiae protein Otu1 and Ub (24) . The structure of a viral OTU domain has not been reported, however, and the mechanism of ISG15 cross-reactivity has remained unknown. Here we report crystal structures of the viral OTU-domain protease domain from CCHFV covalently bound to Ub and to ISG15 at 2.5-Å and 2.3-Å resolution, respectively. The complexes provide a unique structural example of ISG15 bound to another protein and together reveal the molecular mechanism of an ISG15 cross-reactive deubiquitinase. The expanded substrate-specificity arises from a unique topological feature of the viral OTU-domain fold, which causes the protein to bind Ub and C-terminal Ub-like domain of ISG15 in an orientation that is rotated nearly 75°with respect to that observed for Ub bound to a representative eukaryotic OTU domain from yeast. This permits the viral OTU domain to accommodate additional bulk within the C-terminal domain of ISG15 that is not present in Ub. Individual residues within the substrate-binding site of viral protease were identified as key interactions sites for Ub or ISG15, which allowed the reengineering of the protease into enzymes with increased substrate specificity, either for Ub or for ISG15. By identifying the unique structural determinants that underlie ISG15 cross-reactivity, our findings now provide the basis to determine in vivo the relative contributions of deubiquitination and deISGylation to viral immune evasion tactics and the potential to develop small-molecule based strategies that specifically inhibit viral OTU-domain proteases.
Results and Discussion
Structure of CCHFV-OTU Bound to Ub or ISG15. Crystal structures of the CCHFV-OTU domain were obtained using recombinantly expressed CCHFV L protein residues 1-185 for the Ub complex and L residues 1-169 for the ISG15 complex. For both complexes, residues 1-162 were clearly observed in the electron density and comprise the complete viral OTU domain. It consists of two lobes that clamp around a central substrate-binding groove, which narrows into a channel to direct the conserved C-terminal LRLRGG motif of Ub or ISG15 toward the enzyme active site (Figs. 1A and 2A). The larger of the two lobes (amino acids 1-34 and 114-162) is referred to as the β-sheet lobe because it is composed predominantly of a seven-stranded β-sheet (β1↑ β2↓ β3↑ β4↓ β5↓ β6↑ β7↓) that is sandwiched between helices α1, α2, α3, and α7. The smaller lobe (residues 35-113) is exclusively α-helical (composed of helices α3, α4, α5, α6, and α7) and referred to as the α-helical lobe.
Superposing the CCHFV-OTU structure onto the crystal structure of the Ub-bound eukaryotic OTU domain from yeast Otu1 (24) (Fig. 3A) reveals the presence of a unique N-terminal β1↑-β2↓ hairpin atop the β-sheet lobe of CCHFV-OTU, a feature not present in Otu1 (Fig. 3A) or any of the other OTU-domain structures that have been reported (Fig. S1A) . Relative to the OTU domains from Otu1 and human A20, Otubain1 and Otubain2, the entire N terminus of CCHFV-OTU, which includes strands β1 and β2, is relocated to the opposite side of the core β-sheet structure of the OTU-domain fold ( Fig. 3 B and C) . Yeast Otu1 is the only additional OTU-domain-containing protein to be determined in complex with Ub. Residues comprising the substrate-binding groove of the OTU domain of Otu1 are highly conserved in other eukaryotic OTU domains, suggesting the Otu1-Ub complex is representative of Ub complexes that are formed by other eukaryotic OTU domains (24) .
The β1↑-β2↓ hairpin comprises a significant part of the CCHFV-OTU substrate-binding groove and causes the viral protein to bind the β-grasp fold of Ub in a strikingly different manner than yeast Otu1 ( ISG15 (residues 82-157) binds CCHFV-OTU in the same position and orientation as Ub (rmsd of 0.9 Å for 75 Cα carbons) (Fig. 3F ). Importantly, this permits CCHFV-OTU to accommodate bulky and polar residues on loop Arg 87-Ser 93 in the C-terminal domain of ISG15 that are not present in the analogous loop of Ub (Lys 6-Thr 12). The bulk arises primarily from Lys 90, which corresponds to Thr 9 in Ub (Fig. 3G ). In the CCHFV-OTU-ISG15 complex, the Arg 87-Ser 93 loop is solvent accessible, held near the edge of the binding groove where it participates in key interactions with the viral protease ( Fig. 2 A  and D) . In the yeast Otu1-Ub complex, the analogous loop of Ub is buried within the substrate-binding groove. Lys 90 within the Arg 87-Ser 93 loop of ISG15 would likely be too large to fit the binding groove of yeast Otu1 (which we found to be Ub-specific) (Fig. S2) , or other Ub-specific eukaryotic OTU domains that bind Ub similarly to Otu1 (Fig. 3G ).
Molecular Interactions of CCHFV-OTU with Ub and ISG15. Analysis of protein interface interactions using PISA (25) , revealed the binding of Ub or ISG15 buries approximately 900 Å 2 of solvent accessible surface area of the CCHFV-OTU substrate-binding groove, which in turn buries roughly 20% (approximately 1;000 Å 2 ) of the total surface area of Ub or C-terminal Ubl domain of ISG15 (Fig. 4A) . Both Ub and ISG15 were found to interact with three distinct regions within this buried surface area of the enzyme (Figs. 1 and 2 ). Region 1 comprises the channel that guides the C-terminal LRLRGG motifs of Ub (amino acids 71-76) or ISG15 (amino acids 152-157) toward the enzyme active site (Figs. 1B and 2B ). Regions 2 (Figs. 1C and 2C) and 3 (Figs. 1D  and 2D ) are located on the α-helical and β-sheet lobe, respectively, and form the interface that binds the β-grasp folds of Ub or C-terminal Ub-like domain of ISG15.
In region 1 (Figs. 1B and 2B), both lobes of CCHFV-OTU participate in forming the channel that guides the terminal carboxyl group of the LRLRGG motif of Ub and ISG15 toward the enzyme nucleophile (Cys 40) of the active site (Fig. 4 B and C) . The C-terminal motifs of Ub and ISG15 adopt nearly identical conformations within this channel (Fig. 3F) . It is worth noting that although the bound orientation of the β-grasp fold of Ub (and C-terminal domain ISG15) is significantly different from that observed in the yeast Otu1-Ub complex, the C-terminal tail of Ub in Otu1-Ub complex superposes with the analogous residues of Ub (or ISG15) bound to CCHFV-OTU (Fig. 3D) . The carboxy termini of Ub or ISG15 enter the active site of CCHFV-OTU that contains a cataylic diad (Cys 40 and His 151), which is spatially conserved with cysteine/histidine catalytic diad found in the archetype cysteine protease papain (26) (Fig. 4D) . The catalytic mechanism of cysteine proteases requires the cysteine thiol to be deprotonated by the histidine residue. This promotes a nucleophilic attack by the cysteine on the carbonyl carbon of the scissile peptide bond of the substrate and formation of a covalent acyl-enzyme intermediate, which is subsequently resolved by a water molecule (27, 28) . Cys 40 of CCHFV-OTU is conserved in other OTU-domain proteases (11) . Mutation of this residue to alanine was found to eliminate catalytic activity (12) , and the covalent adducts we observed between Cys 40 and Ub or ISG15 confirms this cysteine as the catalytic nucleophile CCHFV-OTU (Fig. 4 B and C) .
In addition to the Cys 40/His 151 catalytic dyad, the carboxyl group of Asp 153 in CCHFV-OTU likely enhances catalysis of the viral protease by hydrogen-bonding with the imidazole group of His 151 (Fig. 4 B and C) . This interaction is analogous to the interaction between Asn 175 and His 159 in papain (26) and is believed to correctly orient the imidazolium ring of the histidine residue during catalysis (28) . For most cysteine proteases, the main chain amide of the cysteine nucleophile and a glutamine side chain from an oxianion hole, which stabilizes the oxianion that develops along the reaction coordinate (28) . While the amide of the cysteine nucleophile is present, an equivalent glutamine is not present in CCHFV-OTU and is substituted by the main chain amide of Asp 37, which appears well positioned to help stabilize the oxianion. Similar oxianion hole architectures are observed in the OTU domains of yeast Otu1 (24) and human Otubain1 (23), Otubain2 (22) , and A20 (20, 21) (Fig. S1B) .
Region 2 centers on helix α5 of the α-helical lobe of CCHFV-OTU. Relatively few distinct contacts are made between this region and Ub or C-terminal Ub-like domain of ISG15 with the exception of a hydrogen bond between Arg 42 of Ub and Gln 16 of strand β2 of CCHFV-OTU. The region appears to act primarily as a buttress to support the substrates against region 3 and help guide the C-terminal motifs of each substrate toward the active site (Figs. 1C and 2C) .
Region 3 centers on the distinctive β1↑-β2↓ hairpin of the viral protease, where hydrophobic interactions with Ub (Fig. 1D ) or electrostatic interactions with ISG15 are mediated (Fig. 2D) . When bound to Ub, Val 12 and Ile 13 of strand β1, Val 18 of strand β2, and Ala 129 and Ile 131 from strand β5, comprise a hydrophobic patch that interacts with Leu 8, Ile 44, Val 70, and Leu 73 of Ub. This hydrophobic patch on Ub, in particular Ile 44, is a critical interaction site that is recognized by DUB enzymes (29) , and CCHFV-OTU uses it to orient Ub within the binding groove. Interestingly, due to the difference in binding orientation of Ub to CCHFV-OTU versus yeast Otu1, a cluster of hydrophobic residues analogous to those in region 3 of CCHFV-OTU exist on the α-helical lobe of Otu1, where they serve to bind the Ile 44 patch of Ub (24) . This patch of residues on Otu1 is conserved in (Fig. 2D) . In particular, Lys 90 of the loop is fully solvent exposed and the side chain of Asn 89 appears to form critical hydrogen-bonding interactions with Glu 128 and Thr 120 of the viral protease. With the exception of region 1, this hydrogen-bonding network is the major site of interaction between CCHFV-OTU and ISG15. Thus, the Arg 87-Ser 93 loop of the C-terminal β-grasp fold of ISG15 appears to be an important site of interaction for proteins that recognize ISG15. Structural analysis revealed that Ub and ISG15 interact with discrete patches of residues within the substrate-binding groove of CCHFV-OTU (Fig. 4A) . Site-directed mutagenesis was used to verify the importance of individual enzyme residues in forming the enzyme-substrate reactive complex and to determine if it was possible to selectively attenuate DUB or deISGylating activity. With this objective in mind, we produced the following mutants of CCHFV-OTU: (i) Mutations Val12Thr, Ile131Asn, and Ala129Ser of region 3 were created to disrupt the binding of region 3 of the protease to the Ile 44 patch of Ub (Figs. 1D and 4A) ; (ii) residue Gln16 of region 2 was mutated to serine to disrupt an apparent Ub-specific electrostatic interaction between Gln 16 in region 2 of the CCHFV-OTU and Arg 42 of Ub (Figs. 1C and 4A); and (iii) the mutation Glu128Ala was created to perturb the hydrogen-bonding network existing between region 3 of CCHFV-OTU and the Arg 87-Ser 93 loop of ISG15 (an interaction that does not occur between Ub and CCHFV-OTU) (Figs. 2D and 4A) .
The Michaelis constant K M can be used as a measure of the amount of enzyme that is bound in any form to the substrate (30) . However, because the commercially available Ub-AMC substrate stock was dissolved in dimethylsulfoxide (DMSO), a limit (dictated by enzyme denaturation and substrate solubility) existed on the maximum substrate concentration that could be used, making it difficult to obtain reliable K m values directly. Our kinetic analysis of protease activity toward Ub-AMC was thus limited to the linear portion of the Michaelis-Menten curve (Fig. S3) , which still allowed us to quantitatively determine the specificity constant
of the enzyme relative to the substrate. In order to compare the effect of each mutation, we determined the specificity constants for all mutant CCHFV-OTU enzymes toward Ub-AMC, ISG15-AMC, and the peptide RLRGG-AMC using the linear portion of the relevant Michaelis-Menten plots. These values are shown in Table 1 .
In comparing the various specificity constant values in Table 1 , the following points must be considered. We designed our mutations expecting that they would not strongly perturb the catalytic site of the CCHFV-OTU enzymes because they were located in regions 2 and 3 of the enzyme, which are far from the active site. We verified this expectation by using a traditional MichaelisMenten analysis using the substrate ISG15-AMC (which could be used at concentrations that approached kinetic saturation of the enzyme) (Fig. S4) . We indeed observed that the various mutations have limited effect on the k cat values: The maximum change in k cat observed between mutant enzymes and the wild type is a reduction by a factor less than 2 (Table S1 ). It should be noted that the value of the wild-type enzyme specificity con- stant reported in Table S1 is within 10% of the value reported in Table 1 , and the specificity constants of the mutant enzymes reported in the Table 1 and Table S1 agree with one another within the uncertainty limits. Therefore, it is reasonable to assume that if the specificity constant of a mutant enzyme toward a given substrate is more than five times less than that of the wild type, this change is likely due to an increase in K M and thus reflects a change in the binding of substrate to enzyme rather than any drastic deformation of the catalytic site that would lead to a change in the catalytic mechanism. Of all the mutated CCHFV-OTU residues within region 3 that form van der Waals packing interactions with the hydrophobic Ile 44 patch of Ub (Fig. 1D) , Ile 131 appeared to be the most important for Ub binding. Mutating Ile 131 to an asparagine caused the specificity constant of enzyme toward Ub-AMC to drop by a factor of 30. Other residues analyzed by mutagenesis were found to contribute significantly less, with Val 12 perhaps being the next most important contributor to Ub-AMC binding and Ala129Ser having the least effect (Table 1) . Residue Ile 131 also appears to significantly contribute to the binding of the peptide substrate RLRGG-AMC, because the Ile131Asn mutation caused the specificity constant of the enzyme toward the peptide to drop by two orders of magnitude. This change is consistent with our structural data, which demonstrates that the peptide extends some distance from the enzyme active site such that the Leu residue of the peptide interacts directly with Ile 131 of the enzyme (Figs. 1 B and D  and 2B ). The Ile131Asn mutation had less of an effect on the specificity constant of enzyme toward ISG15-AMC, dropping it by a factor of three. Interestingly, unlike Ub or the RLRGG peptide substrate, ISG15 contains polar residues within the vicinity of the Ile131Asn mutation as observed in the CCHFV-OTU: ISG15 crystal structure. In particular, the side chain of ISG15 residue Asn 89 (Ub: Leu 8) lies within 4.0 Å of Ile 131 (Fig. 2D ) and may assist in stabilizing the interaction between ISG15 and the Ile131Asn mutant by hydrogen-bonding directly to the introduced Asn side chain. This interaction could not occur with Ub or the RLRGG peptide.
Based on our structural analysis, the hydrogen-bonding interaction between Gln 16 in region 2 and Arg 42 of Ub (Fig. 1C) appeared to be selective for Ub, because the corresponding residue in ISG15 is a tryptophan (Trp 123) that does not participate in an analogous interaction with the enzyme (Fig. 2C) . Surprisingly, we found that this mutation had an equal effect on the specificity constants for Ub-AMC and ISG15-AMC. As expected, however, because this mutation is far from region 1, it did not have any measurable effect on the specificity constant for the RLRGG-AMC peptide.
In contrast to the above findings using Ub-AMC, our functional assessment of CCHFV-OTU residues Val12, Ile131, and Ala129 showed that they have a less important role in the binding of ISG15-AMC, with the probable exception of Ile 131 (Table 1) . Instead, our structural data revealed that a hydrogen-bonding network exists between the Arg 87-Ser 93 loop of ISG15 and region 3 of CCHFV-OTU, which appeared critical for interacting with ISG15. The shortest hydrogen bond within the network occurred between Glu 128 of CCHFV-OTU and Asn 89 of ISG15 (Fig. 2D ) and was thus predicted to contribute strongly to the binding of ISG15 to the enzyme. Indeed, mutating this residue reduced the specificity constant of CCHFV-OTU toward ISG15 by a factor of five, while the specificity constants of the enzyme toward Ub-AMC or the RLRGG-AMC peptide substrates were unimpaired by this mutation. Significantly decreasing the binding of ISG15 by perturbing the hydrogen-bonding network between the Arg 87-Ser 93 loop of ISG15 and region 3 of CCHFV-OTU is consistent with the conjecture that this loop is a protein interaction "hot spot" and supports a previous prediction suggesting that the loop is involved in binding the ISG15 activating enzyme UbE1L (7) and perhaps additional proteins that interact with ISG15.
OTU-Domain Proteases as Virulence Factors for Viral Immune Evasion.
The discovery of viruses that have acquired the ability to remove Ub and ISG15 from cellular targets underscores the importance of Ub and ISG15 conjugation to innate immunity. Moreover, alternative immune evasion tactics such as NS1 of influenza B virus, a protein that prevents ISGylation of proteins by binding ISG15 (31) , further highlights the importance of ISG15 to host defense. The small and compact genomes of nairoviruses and arteriviruses likely selected for a unique deconjugating OTU protease with the ability to target both Ub and ISG15 at the same time, a property that appears not to be shared by eukaryotic OTU enzymes. We show here that a rearrangement in the β-sheet topology of the CCHFV OTU-domain fold yields an ISG15 cross-reactive viral DUB capable of binding Ub or ISG15, yet it retains an active site architecture that is conserved with eukaryotic OTU-domain proteases. Importantly, the ISG15 cross-reactive deubiquitinating activity of CCHFV-OTU is retained when the domain is expressed as part of the intact CCHFV RNA polymerase L protein (12) . However, it remains to be determined if other structural components of the viral L protein can modulate the DUB and deISGylating activities of the CCHFV-OTU domain during viral replication. Given the low sequence conservation of ISG15 in higher eukaryotes, there is the intriguing possibility of species-specific deISGylating activity by viral OTU domains, which may correlate with host tropism. Having demonstrated that Ub and ISG15 hydrolysis can be selectively attenuated by site directed mutagenesis, it may be possible to study the relative contributions these deconjugating activities have to the immune evasion tactics of nairoviruses and arteriviruses.
In addition to viral OTU domains, the papain-like protease from severe acute respiratory syndrome (SARS) coronavirus (32, 33) and the adenoviral protease adenain (34) are also ISG15 cross-reactive DUBs, which suggests that ISG15 cross-reactive DUBs may be a widely used viral mechanism to simultaneously suppress inflammatory and IFN responses of the host. Targeting DUB viral proteases with small-molecule inhibitors might then represent an effective therapeutic approach. The CCHFV-OTU crystal structure revealed that ISG15 crossreactivity requires a significantly altered substrate-binding groove architecture compared to Ub-specific eukaryotic OTU proteases. These structural differences may now be exploited to facilitate the development of inhibitors that are selective for viral OTUdomain-containing DUBs.
Materials and Methods
Preparation and Crystallization of CCHFV-OTU Bound to Ub or ISG15. Residues 1-185 (CCHFV-OTU ðL1−185Þ ) or 1-169 (CCHFV-OTU ðL1−169Þ ) of the CCHFV L protein were expressed as GST fusion proteins in Escherichia coli and purified. GST tags were removed using HRV 3c protease. Ub ð1-75Þ -3-bromopropylamine (Ub-3Br) and ISG15ðCys78SerÞ ð1-156Þ -3-bromopropylamine (ISG15-3Br) were prepared according to Messick et al. (24) and Borodovsky et al. (35) . The ISG15 mutation Cys78Ser was required to reduce aggregation (7). Selenomethionyl CCHFV-OTU ðL1−185Þ (produced according to Van Duyne et al.) (36) and native CCHFV-OTU ðL1−169Þ were complexed with Ub-Br3 and ISG15-Br3, respectively, then purified and dialyzed into 20 mM Tris-Cl, pH 8.0, 50 mM NaCl. Crystals were grown by hanging-drop vapor diffusion. Selenomethionyl OTU ðL1−185Þ -Ub crystallized at 10 mg∕ml in 27% PEG 4000-6000, 100 mM NaOAc, pH 5.4-5.6, 210 mM ðNH 4 Þ 2 SO 4 . OTU ðL1−169Þ -ISG15 crystallized at 7 mg∕ml in 100 mM MES, pH 6.3-6.5, 22-25% PEG 6000 or 8000. Crystals were flash-cooled in liquid nitrogen after the addition of 20% glycerol.
Data Collection and Structure Determination. X-ray data were collected at the Canadian Light Source (beam line 08ID-1) and processed using MOSFLM and SCALA (37) . Diffraction data from a selenomethionyl OTU ðL1−185Þ -Ub crystal was phased by single wavelength anomalous dispersion (SAD) phasing using PHENIX AutoSol (38) . Initial phases (overall FOM of 0.326) were improved by density modification using RESOLVE (final FOM of 0.66). A model was built using PHENIX autobuild and manually completed and refined using COOT (39) and phenix.refine. The structure of OTU ðL1−169Þ -ISG15 was determined by molecular replacement using PHASER (40) and the crystal structures of CCHFV-OTU and ISG15 (7) (PDB ID code 1Z2M) as search models. Model building and refinement, which included the use of TLS partitions, was performed using COOT and phenix.refine (38, 39, 41) . Crystallographic statistics are summarized in Table S2 .
Enzymatic Assays. Enzymatic assays were carried out in 50 mM Tris-HCl, pH 8.0, 2 mM DTT buffer at 25°C in 25 ul final volume. Ub-AMC and ISG15-AMC (Boston Biochem) hydrolysis were initiated by adding enzyme to the reaction mixture having varying concentrations of substrates; the resulting final concentration of enzyme in the reaction mixture for each case was 3 nM. For RLRGG-AMC (Enzo Life Sciences) hydrolysis, identical assay conditions were used as above; however, the final concentration of enzyme in the reactive mixture was 100 nM of enzyme. The enzyme concentration for initial rate determinations was chosen so that less than 10% of the substrate was hydrolyzed. Hydrolysis at each given substrate concentration was monitored continuously by recording the fluorescence of the released AMC product as a function of time. Initial rates were calculated from the slopes of the linear portion of the time-dependent fluorescence profiles. The rate of fluorescence increase was converted to changes in concentration (nM) of product (free AMC) produced per second using the fluorescence standardization curves of the AMC standard (Boston Biochem) that were also used for calibration. All assays were performed in triplicate at minimum. The kinetic results were analyzed with Sigmaplot software.
